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Periodicitiu in tho haa ‘ rata havo baan known for somo time. We discw thas. perlod-
icitiam in nom.a.l and transplanted hearts. W. than consider the pwibility Uf dimensional
ana.lyw.s of thesa periodlcitk in transplmted hearts and problems associated with the
record.



1. Introduction to Heart Rate Periodicities.

The spontaneous beat-t-beat variability of the heart record haa been known for some
time to have npp roximate periodicities. Raearchem have identiikd three bands of ~pectral
activity in adults: low frequency [approximately 0.05 Hz) related to thermoregulation; a
slight Iy higher frequency (approximate ely 0.1 Hz) associated with baroreceptor feed-back
control; and a region between 0.12 – 0.5 Hz comqxmding to the respiratory frequency
[1,2; (Fig. 1). Thew periodicitiea are not constant, and often fluctuate, disappear, and
may be entrained to each other M may be the caae with the respiratory periodicity M it
approache.a the bm-orqtor frequency[3]. Research has shown that all of these periodicities
are modulated to various degrea by the autonotic nemoua system and humoral agents
such u renin-angiotensin[4j.

The beat-t-beat inte~ is typically derived km the depolarization voltage of the
ventnclea identiikd on the norrna.1 dedi~cdk)~~ M the QRS complex. Although
technically the origination of the heart beat occum at the sinus node with the beginning of
the P wave, the QRS complex with its R wave potential is greater, and typically the signal-
to-noise ratio is considerably better. Using the R wave with a suitable level detector car
allow for timing accuracy in the rqe of 0.1 msec. It is necessary, however, to remember
that by using the R wave to estimate int~, biaa and tiance do exist [5]. The biaa
is due to intennech~ conduction times between the einua node and His bundle which is
approximately 60 msec, and may fluctuate up to 10 msec on a beat-tctbeat baaie. This is
usually of no problem u.nlean specfic physiologic promaeea are being comelated. Variance
can be a problem with decreasing interval fluct uat ions,

2. Interval Variability and the Transplanted Heart.

The usual method of heart transplantation reoulta in extrinsic denervation[6]. Although
the old sinus node remains in the atrial remnant of the recipient, to date there haa been
no evidence tha, the signal of the old sinus node crcmeea the suture line to the new heti.
Inoteaci, the beat-tc+heat depolarization of the transplanted heart is governed by the new
heart’a sinus node[7]. Thun, the usual neural feedback mechanisms reupomible for gover-
nmce oft he heart rate are no longer present, except perkpe for come afferent recep~ cm in
the atrial rernnant[8]. Lrutead, intracardiac and hu.moral mm.hm i- modulate heart rate

friability. As a ccm.soquunce, the resting heart rate is higher (e.g. 90-100 beata/min. ),
Regulation of &art-beat in reeponse to physical demandn ouch M exerciw ie atil.1 present,
although at a - rwponw time through circulating agents wch M adrenaline[!l]. Heart
rate period.icitia am alto prusent in the denervated heart, but of a greatly attenuated
ampl.itude[lO].

A constant concern regarding the transplant heart is that of timue rejection, which
is monitored periodically by int~ cardhc biopoy, Inspection of the power spectrum of the
intervals haa revealed a st~tistically oigniflcant decrease in the peak spectral peak of the
respiratory band, approaching broad band noiae[l I](Figs. 2-5).
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3. Rational for Dimensional Analysis of Heart Beat Intervals in

Transplanted Hearts
The term dimension haa been used tc refer to the number of independent vectors

ntwmary to specify the state of a dynamical system. Dimensional aualysis of the heart
beat intervals, therefore, suggests an analyrns of the variablea regulating its beating,

Previously, simple phase plane analysea of intends produced by Soviet resemchers
were noted to be striking in that orbito were severely compremed or expanded in sub jet! 9

during variouz phaeea of sleep, and with cardiac pathology [12], However, it haa also been
noted that physiologic parameter may be di~cult to analyze dimensionally due to lack of
st ationarity of the systern[13]. As a result, trrmaplanted hearts were selected for analysis
with the hypothesis that dentmation would reduce the number of dimensions necessary to
model them.

A major problem with intema.1 analysis is the acquisition of sutEcient data points
while maintaining relative stationarity. For example to obtain 1000 data poi.ntn from an
individual whoee heart is beating 100 6eatu/min requires a subject to remain relatively
stimulus free for 10 minutes. And although environmental stimuli can be controlled,
psychological proceazez cannot, and may afkt the heart rate. As a reuult, we preceded
with relatively short data eets aa an initial exploration. Scme support for such an approach
haa been produced, but needz to be further substantiated[14]. We plan to improve the
statistical accuracy of the results by implementing a reconstruction method which uses
non-contiguous datwqmente (oee e.g. [22,24]).

4, Dimensional Analyda of Heart Transplant Intervals.

We chose Iwveral subjects with a view toward sampling in the immediate post-transplant
period, dusing normal functioning, and during periodo of rejection.

To calculate the “dimension” of intd, it is necessary flint to reconstruct the attrac-
tor fkom the time-eeriea [24]. This is done by creating vectors #~ in an n-climenoional state-
space by taking beat-del@ samples (with a delay k determined from the &at minimum
of the mutual information content [16,23]) of the interval data z~. TM is to say that phase
portraits of dimension n 8M COMtrUCtGd Old thd: Em = (Zm,Xm.b, ~m-ak, ● ...~m-(.-l)h)

where m runs from 1 to tha number ra~ataof data points[15,16].
Phase portraits (n = 2) reveal chaotic orbits in both rejecting and non-rejecting hearts.

There eeem to be tww regions of heart rates present which could be interpreted M two

different attractom and the patient undergoes a transition from to the other. In Figo.
6-9 we have the tbwrk of heart rates M well M their phaae portrnits for two different
delays,

We have implemented several dMerent and largely independent algorithms for the
dimension calculation. The Gramberger and Procaccia method of dimension cakulation

[17,18] yields a very coarse averaged quantity with a very large and ctifllcult to estimate
ermr[18].

In standard use currently, the method determines the correlation integral C(r), ‘Mhich
is obtained by averaging over the number Nf~ (r ) of data vectors ?i cent ained in a neigh-
borhood of size r of a reference vector Sm:
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ial

where ~ is the Heavyside function. The averaging is

n,~~ reference poiats 2m, i.e.

where e ia the Heavyside function. The averaging b
nr,f reference points Em, 1.0.

~mll) (1)

done over a characteristic set of

N,- (r) (2)

done aver a characteristic set of

Ln a Iog-log-reprmtation thin function typically exhibits ● scaling region
over which a slope can be detitid which & then interpreted ae the Graaeberger Pro-

caccia dimension of the eystem (me e.g. [17,18~2,23]).The errom of this method represent
the Btathtical epread of N~- (r) which depench w a large extent oa the degree of non-
uniformity of the dyna.mhx producing the time eerk. Ln table 1 we therefore only give
our estimatea of the Grassberger Prwaccia dimension wItbout errors. In the estimate we
used a delay of 4 beats and fitted over a range fqa(~) = 0.5

Because of this very unsatisfactory effect we rncdfled our approach in a way that
we compute for the “gauge-function” N~m(r) the polntwim di.meruion & at each of the
reference points separately (with the same delay and fit range) wd then average over the
obtained np,t dimension valu~ (for more detaila sea [23]).

Ln this way we are able to take better care of the variation of the local properties of
the attractor. Ln order to demomtrate thla method we have chcwen one case (1611) an an
exmple for the different waymw have to analyze the dstaflle: In Fig. 10 we have for a
given reference pol.nt & and embeddhg dimensions n = 1,...,20 the local gauge function
.N1. (r). For a compadson we have applied a method recently Introduced by Broornhead
and King [26], which is based on singular valua decompoeitlon. Here the datsvectors &
are transformed into ● baah in which the representation ●ppeara to be mere uniform and
therefore the results look mom ttable (there are several caveati In place for the application
of this method which will be dbcuued elsewhere [29]).

In both methodc we rnn& mm th~t tha reconstructed vectom covarcd ●pproximately,
the same numhar of beats (I.e. with maximal embedding dlmemlon 20 and delay k = 4
we cover 80 baati in tho CM of tha Cramberger-Procaccis case and In the cue of singular
value decompmltion w. hive chmen s window of 1(M bests). In Fig. 11 we have the same
local gSUgO function M in Fig, 10 but alter the transformation into the new basis, In Fig,

12 wn havo the computed polntwiso dimension u ● function of the number of the reference
point, The polnti without wrorbers indlcato s goodna of IN (GF) which h better than

0.2, In Fig. 13 we w the elhct of tho singular value decompoaitlon (SV), now all reference
point.s have a GF < 0,2, Jr Fig. 14 we plot a histogram of polntwlse dimension values
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without (solid line) and with (broken line) SV for an embedding dimension of n = 20. In
Fig. 15 we see how the estimated dimension value depends on the embedding dimension
both for the case of SV (broken line) and without (solid line). Note the fast saturation
for SV which is due to the fact that only a few singular values are significantly different
from zero. In Fig. 16 we plot the fraction of the number of reference points which reach a
certain GF as a function of GF and the embedding dimension. We see that only at about
GF = 0.4 all of the reference points allow the estimation of a pointwise dimension with
the above criteria. This changes radically with the SV where already for a goodness of
fit of GF = 0.1 basically all the reference points are accepted. In Fig. 17 we see the
dependence of the eztimated dimension (~A.P.) on the GF and the embedding dimension
and in Fig. 18 we have the same plot for Ds.v.. In Figs. 19-20 we show the corresponding
standard deviations, and again it ia clear that the results appear much more noisefree after
SV. In Fig. 21 we show how the histogram of DAmP.(see Fig. 14) depends on the embedding
dimension and in Fig. 22 we have the same plot for D5.V.. Note how in Fig. 21 a double
peaked distribution evolves. It appears that this double peak distribution of DA.Pmis most
evident for small values of GF (Fig. 23).

5, Summary of Calculations for the Heart Beat Intends.

Table 1 summari zea the Gras&erger-Procaccia dimensions and the averaged pointwise
dimension with and without singular value decomposition for the heti, rate data. It wdl
be noted that there is relatively poor fit for the untransformed data without singular value
decomposition (SV), This suggests poor resolution in scaling regions and may be possibly
a result of two related mechanisms: 1) the decreased amplitude of penodicities in the
denen ated heart; and 2) the use of the R wave instead of the P wave to detect the beat in
such diminished fluctuations. Nonetheless, comparing these two data eets insofar aa they
are similar in data points and fits, it would appear that rejection (1611) is heralded by a
decrease in dimensicmal.ity (except for Du,Pm)(Figs. 15, 2Y26). In the two hearts without
rejection the dimensionalit y seam to be increased with the exception of’DS,V,of case 1726,
In view of the small differences and the large error bars for only very few cases it is clear

that much more work needs to be done before statistically significant statements can be
made.

It is tempting to co~ecture that the hypoth ~is put forth by Goldberger et al.; namely,
that disease states are characterized by pamdoxic order, is operative here in terms of
reduction of dimengionn(20]. Indeed the suggestion of J, Doyne Farmer that death may
be the ultimate &ed point may have profound implications for the study of physiologic
processes[21].

Certainly, a greater number of data points, or more data with multiple subjects could
help clarify the situation, For example, if the true dirnmsionaiity of a non-rejecting heart
is approximately 5, then at least 10s data points would be required[22]. This would entail
perhapa 24 hrs of at stionary recording. The implication here, is that subjects and condi-
tions mud be carefidly chosen, since it appears that the heart beat internal may not ●asily
described by a low dimensional attractor,
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TYPE OF HEART

2 WEEKS POST
TRANSPLANT (1271)
REJECTING (1611)
NON-REJECT~G(8212)
NON-REJECTING(1726)

%.P.

5.3
7.3
6.1
6.5

DA.P. Ds.v.

5.9 + 1.8 3.2 & 1.4
3.1 & 1.9 2.9 + 0.9
5.9 * 2.7 3.6 + 1.8
3.5 + 1.6 2.6 + 1.0

6. Conclusions.

1. The beat-t-beat intervals of transplant recipients appear to be modeled by high di-
rnenaiondity, and are relatively non-stationary. This occurs despite well-controlled physical
circumat amxm. Psychological proceasea may be responsible.

2. There appeara to be a re -uction of dimensiormlity with rejection, suggesting a
possible inability to react to multiple feed-back control system. This may be a part of a
luger process characteristic of pathology whereby dimenoiondity decreasea aa a result of
trsmsitions away from deterministic chaoe, or collapse upon a lower dimensional orbit.

3. Conikrnation of the above requires longer data sets with possibly better resolution
of intervals derived from P wave detection.

4. Until such codrmation ia obtained, it is probably better to speak of apparent
dimension or dimenaiondity, instead of dimension in the strict sense.
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FigureJ Captions

Fig. 1: Log power spectrum of normal adult heart beat intervala. Three regions of activity
are -n: 1) rear 0.05; 2) near O.1; and 3) near 0.3. (For this and subsequent plots, the
Welch meth(,d of spectral analysis, incorporating a Harming window, waa used for a data
set of 1024 intervala and averaged over segments of 256 to reduce variance. Frequencies
are in Hertz equivalents; spectral units are l~lO/muec’/cycf e/be~.)
Fig. 2: Log power spectrum of a denervated heart 2 weeke poet- transplant, and subject
to Cheyne-Stokes respirations (1271).
Fig. 2: Log power spectrum of a heart experiencing rejecdon (1611).
Fig. 4: Log power apectm.m of a non-rejecting heart (8212).
Fig. 5: Log power spectmrn of a non-rejecting heart from a different subject (1726). -
Fig. 6: Timeneries of heart ratea of dene.mated heart (1271) and phase portrait for delays
r =landr =4.
Fig. 7: Same ae Fig. 6 for rejecting heart (1611).
Fig. 8: Same aa Fig. 6 for non-rejecting heart (8212).
Fig. 9: Same m Fig. 6 for non-rejecting heart (1726).
Fig. 10: Local gauge function for embedding dimensions n = 1,...,20 for rejecting heart
(1611). The solid lines indicati fits with a goodn- of fit (GF) of 0.2. The broken Iina

kdicate a fit for which GF >0.2. The size of the errorbar is a measure for GF relative to
CF = 0.2.

Fig. 11: Same aa in Fig. 10 after singular value decomposition (SV).
Fig. 12: Pointwise dimension aa a function of the number of the reference point for caae
1611. Points without errorbam indicate GF <0.2 (caae 1611).
Fig. 13: Same u in Fig. 12 after singular value clecomp~ition.
Fig. 14: Histogr~ of pointwi,ae dimension values without (~A.~,) (solid linc~ and with
(broken line) SV (D~,v.) for an embedding dimension of n = 20 (cam 1611).
Fig. M: Estim&d dimension without SV (~A.p,) (solid errorbam) and with SV (Dg,v.)
(broken enorbars) aa ● function of the embedding dimension n. The errorbara correspond
to the otandard deviation taken over all reference points (caae 1611).
Fig. 16 Fraction of the number of reference points which reach a certain GF au a function
of GF and the embedding dimeneion (cam 1611).
rig. 17: Dependence of the eetimated dimension (D~,P.) on the GF and the embedding
dimension (caea 1611).
Fig. 18: flame M in Fig. 17 for D~,v,.
Fig. 19: !$tandud deviation of the dimension values of Fig. 17
Fig. 20: St~dard deviation of the dimeneion valuea of Fig, 18
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Fig. 21: Histogram of pointwise dimemion valuea ~A.P. as a function of the embedding
dimension (CF = 0.2). The dotted line at P = Odenotes the average of the dietribution.
Fig. 22: Same aa in Fig. 21 for ~s.v.
Fig. 23: Histogram of pointwise diuemion valuea D~A M a function of the goodnean of
fit (GF).
Fig. 24: Ssune aa Fig. 15 for caae 1271
Fig. 25: Same aa Fig. 15 for case 8212
Fig. 26: Same aa Fig. 15 for case 1726
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